Ultrathin two dimensional (2D) nanomaterials such as graphene and palladium are highly flexible and mechanically compatible with soft, biological entities, such as cell and tissue. [1] [2] [3] The unique optical properties of these 2D nanomaterials can also be utilized for imaging or photothermal therapy. [4] [5] [6] [7] Pd hexagonal sheets with 100 nm edge length and 1-2 nm thickness showed good photothermal stability and were used to kill cancer cells by irradiation of visible light. [8] [9] [10] Graphene or graphene oxide nanosheets have been studied for drug delivery. [11] [12] [13] However, there are very limited examples on utilizing the geometrical and mechanical properties of ultrathin 2D nanomaterials. To the best of our knowledge, only few studies were carried out using 2D nanosheets: one being graphene oxide (GO) wrapping around E. coli bacteria cells and causing them to die due to membrane stress, 14 and another using antibiotic-loaded polysaccharide nanosheets for tissue defect treatment. 15 Such study shows the new opportunity on using 2D nanomaterials for efficient treatment of cancer cells. The intimate contact between the flexible 2D nanosheets and cell surface should enhance the efficiency of drug delivery through on-site release. 16 In this communication, we demonstrate the wrapping of large flexible ultrathin Pd nanosheets around curved substrates, i.e., SiO 2 spheres (500 nm in diameter) through electrostatic interactions. The surface of Pd nanosheets can be made positively or negatively charged by decorating with thiolated carboxylic acid or amine molecules, respectively. Colloidal metal nanostructures can show cytotoxicity, and Au or Ag nanoparticles could be toxic depending on their surface charge. [17] [18] [19] Similarly, toxicity of Pd nanosheets towards HepG2 cells was showed to be relevant to the surface charge where positively charged CA-functionalized nanosheets possess significantly higher cytotoxicity than the others. Scanning electron microscope (SEM) study shows the CA-Pd nanosheets were in intimate contact with the HepG2 cells whereas the MPA-Pd nanosheets formed 3D aggregates.
Large 2D Pd nanosheets were synthesized from palladium acetylacetonate (Pd(acac) 2 ) following the procedure reported elsewhere. 20 Briefly, Pd(acac) 2 was dissolved in acetic acid, bubbled with carbon monoxide gas for 10 min at room temperature and kept in suspension under closed condition to allow the growth of nanosheets (see Electronic Supplementary Information for experimental and characterization details). The as-made 2D nanosheets were then functionalized with 3-mercaptopropionic acid (MPA) to improve their dispersity in aqueous environment. The colloidal stability originates from the enhanced electrostatic interaction between negatively charged carboxylate group (COO -) on the surface of Pd nanosheets. and tens of nano meters in thickness. These 2D nanosheets possessed high flexibility due to the high aspect ratio between their lateral dimension and thickness. They were able to wrap closely on the amine-functionalized silica spheres (NH 2 -SiO 2 , Fig. 2a ). The driving force for coating the spheres was likely the electrostatic attraction between the opposite charges on surfaces of MPA-Pd nanosheets and NH 2 -SiO 2 spheres. As a comparison, when negatively charged MPA-Pd nanosheets were mixed with negatively charged HO-SiO 2 spheres, a low degree of coating was observed (Fig. 2b) . However, when positively charged CA-functionalized Pd (CA-Pd) nanosheets were mixed with negatively charged HO-SiO 2 spheres, a high degree of coating of nanosheets on the spheres was again observed (Fig. 2c ). These observations confirm that the coating of Pd nanosheets on silica spheres was primarily driven by the electrostatic interactions between the charged surface functional groups. A proposed mechanism is presented in Scheme 1. When MPA-Pd nanosheets were mixed with H 2 N-SiO 2 spheres in DI water, carboxylic acids on the nanosheet surface deprotonated to form carboxylate anions while amines on the surface of SiO 2 spheres protonated and formed ammonium cations.
Zeta potential measurements were carried out for the two Pd 2D sheets and the two types of silica spheres (Fig. 2d) . The Pd nanosheets possessed a potential with negative surface charge of -31.4 ± 2.46 mV for MPA-Pd, and with positive surface charge of 65.7± 2.71 mV for CA-Pd. Similarly, zeta potential of silica spheres was 34.6 ± 2.71 mV for H 2 N-SiO 2 , and -55.2 ± 4.32 mV for HO-SiO 2 . All these surfaces should be highly stable in aqueous solutions. Moreover, carboxylic acid group on Pd nanosheets should react with NH 2 functional group on SiO 2 spheres in aqueous solution. This interaction further increased the positive potential of NH 2 -SiO 2 spheres as compared to the values in Fig. 2d due to the higher extent of amine protonation in acidic environment.
As a supporting evidence, selfassembled monolayer (SAM) of MPA has a pK a value of 5.2~5.6 on gold surface. 21 In our systems, the zeta potential increased to 68 ± 5.33 mV when acetic acid was mixed with NH 2 -SiO 2 spheres (Fig. S1) . The attraction between the oppositely charged surface carboxylate and ammonium groups drove the formation of stable Pd nanosheets coating onto the SiO 2 spheres. Similar mechanism applies for the coating of CAPd nanosheets on HO-SiO 2 spheres. In the latter case, the hydroxyl group deprotonated to O -, which strongly interacted with NH 3 + groups coming from the protonation of amine functional group on Pd surface. The surface-charged Pd nanosheets were incubated with HepG2 cells in order to study their interaction with cell membrane and the dose-dependent cell viability. Fig. 3 shows the fluorescence, bright field, and overlaid images (from left to right) of HepG2 cells incubated with 100 ppm of as-made Pd sheets (Fig. 3a) , MPA-Pd nanosheets (Fig. 3b) , and CA-Pd nanosheets (Fig. 3c) . All the samples were seeded with fluoresceinamine (see supporting information for experimental details on concentration measurements and fluorescent probe labelling, Fig. S2 and Fig. S3 ). The fluorescence images show that all three types of Pd nanosheets could attach to HepG2 cells. The bright field image shows Pd nanosheets, the black spots in the images, were on the cells, whose positions were confirmed by the fluorescent images, with different degrees of coverage. The attachment of nanosheets to HepG2 cells had the highest density for the CAPd (Fig. 3c) , followed by the as-made Pd (Fig. 3a) , and the least coverage was observed with the MPA-Pd sample (Fig. 3b) , Since HepG2 cells were reported to possess a negatively charged cell surface, 22 positively charged CA-Pd nanosheets possessed higher specificity of cell attachment due to electrostatic attraction compare to the non-charged and negatively charge MPA-Pd nanosheets. In addition to electrostatic forces, the attachment of Pd nanosheets on cell surfaces might also be driven by surface energy minimization and the interaction between the native ligands on cell surface with the Pd nanosheets. This requirement of global energy minimum could attribute to the attachment of MPA-Pd to the cell, albeit with a low coverage, even though these nanosheets were negatively charged.
The cytotoxicity of these Pd nanosheets was examined using the MTT assay (see supporting information for experimental detail). In a typical procedure, HepG2 cells were incubated with Pd nanosheets at the concentrations of 0, 50, and 100 ppm, respectively, for 24 h. Fig. 4 show the dose-dependent cell viability after the exposure to the Pd sheets. Viability results at higher concentrations could not be readily determined accurately because light scatters from the Pd nanosheets causing enough uncertainty in such measurements (Fig. S4) . It was observed that cytotoxicity of Pd nanosheets depends strongly on the types of Pd nanosheets, especially the type of surface functional agent. After 24-h exposure, viability of HepG2 cell was 42.4 ± 11.9% at 50 ppm and 17.93 ± 3.74% at 100 ppm for the CAPd nanosheets. In comparison, viability was of 83.7 ± 8.54% at 50 ppm and 68.4 ± 3.9% at 100 ppm for the MPA-Pd nanosheets; and 93.2 ± 6.8% at 50 ppm and 74.7 ± 8.5% at 100 ppm for the as made Pd nanosheets. These data indicate that the difference in cytotoxicity of Pd nanosheets is closely related to the type of surface coating. In the case of MPA-Pd, the nanosheets contacted with HepG2 cells loosely, low and moderate toxicity was observed. The low toxicity was also observed with other negatively charged surfactants, such as polyvinylpyrrolidone (PVP) and polyacrylic acid (PAA), functionalized Pd nanosheets (Fig. S5) . On the other hand, CA-Pd nanosheets bound strongly to the surface of HepG2 cells and caused a high level of cell death at 100 ppm was observed. Control experiments were done using MPA and CA alone with the same protocols for MTT assay. The results show that CA ligands were non-toxic to the HepG2 cells, while MPA at higher concentrations reacted with the MTT reagent, giving rise to artificially high values of cellular viability (Fig. S6) . Since CA-Pd and MPA-Pd samples were washed extensively before incubating with HepG2 cells, the concentration of free CA and MPA should be much lower in comparison with those tested in Fig. S6 . SEM study on the Pd nanosheets incubated with HepG2 cells were carried out to examine the interaction between the nanosheets and the cell surface. The SEM data suggest that HepG2 cells interacted with Pd nanosheets mainly through electrostatic interaction between the charge Pd nanosheets and the cell surface (Fig. S7) . A clear distinction in morphology between the attached MPA-Pd and CA-Pd nanosheets was observed (Fig. S7) . In general, MPA-Pd nanosheets tended to crumple to form 3D aggregates instead of lying flat on cell surfaces. Such difference could be due to the repulsive interaction between negative charges on the Pd nanosheets and cell surface. When CAPd nanosheets were applied, a significant portion of the cells were in close contact with the nanosheets which tended to stay relatively flat as 2D structures. The high toxicity of positively charged CA-Pd nanosheets is potentially due to the close contact between the sheets and the cell surface which could lead to damage of the cell membrane, agreeing to the previous mentioned work on graphene oxide nanosheets with E. coli.
14 In addition, it was reported that graphene nanosheets can cut through the membrane and cause a destructive extraction of large amounts phospholipid from the membrane leading cell death. 23 Thus surface attachment and composition of the nanosheets are important for the observed cytotoxicity.
In summary, large ultrathin Pd nanosheets have been synthesized and further functionalized with CA and MPA ligands in aqueous environments. Due to the flexible nature of 2D nanostructures, the Pd nanosheets are able to wrap around spheres driven by electrostatic interactions between the functionalized nanosheets and surface of spheres. The surface charge of the Pd nanosheets greatly affects the physical contact nature and its toxicity to HepG2 cells. Positively charged CAPd nanosheets possessed high-level contact with the cell membrane as 2D patches while negatively charged MPA-Pd nanosheets formed aggregates. The CA-Pd nanosheets were three times more toxic than the MPA-Pd nanosheets at 100 ppm based on MTT assay, indicating the important effect of surface ligands of these 2D nanosheets on cytotoxicity. This study demonstrates the potential of using ultrathin metal nanosheets as carriers for drug delivery and targeted release through surface modification with ligands that contain specific, therapeutic functional groups.
